Abstract It has been shown that, for women aged 50 years or older, the discriminatory accuracy of the Breast Cancer Risk Prediction Tool (BCRAT) can be modestly improved by the inclusion of information on common single nucleotide polymorphisms (SNPs) that are associated with increased breast cancer risk. We aimed to determine whether a similar improvement is seen for earlier onset disease. We used the Australian Breast Cancer Family Registry to study a population-based sample of 962 cases aged 35-59 years, and 463 controls frequency matched for age and for whom genotyping data was available. Overall, the inclusion of data on seven SNPs improved the area under the receiver operating characteristic curve (AUC) from 0. Using previously used classifications of low, intermediate and high risk, 2.1 % of cases and none of the controls aged 35-39 years, and 10.9 % of cases and 4.0 % of controls aged 40-49 years were classified into a higher risk group. Including information on seven SNPs associated with breast cancer risk, improves the discriminatory accuracy of BCRAT for women aged 35-39 years and 40-49 years. Given, the low absolute risk for women in these age groups, only a small proportion are reclassified into a higher category for predicted 5-year risk of breast cancer.
Introduction
In a clinical setting, breast cancer risk prediction models are used to estimate a woman's risk of breast cancer, and some models also estimate the probability that she carries a mutation in BRCA1 or BRCA2. This information can be used to help her make decisions on screening or prevention that are tailored to her circumstances. On a population basis, identification of women at differing risk of breast cancer allows resources for screening and prevention programs to be better targeted and more cost-effective. A number of breast cancer risk prediction models have been developed, all of which use age and family history of breast cancer as predictors. The different models vary in their use of other risk factors as predictors, and can include some or all of: family history of other cancers; known mutation status for BRCA1 and BRCA2; and measured environmental and lifestyle factors [1] .
The National Cancer Institute's Breast Cancer Risk Assessment Tool (BCRAT), originally published as the as the Gail model [2] and later modified [3] , has become a popular clinical tool for estimating the 5-year risk of invasive breast cancer for unaffected women aged 35 years or older. BCRAT was developed using logistic regression analysis of a large case-control study of white women from the United States. It uses established breast cancer risk factors (current age, number of affected first-degree relatives, age at menarche, age at first live birth, number of biopsies and presence of atypical hyperplasia) to estimate risk, but it does not take into account any mutations in breast cancer susceptibility genes. BCRAT has been validated using large population-based studies; it has been shown to be well calibrated to assess risk for groups of women, but it discriminates less well for individual risk assessment, especially for high-risk populations [1] .
Because of the clinical usefulness of accurate individual breast cancer risk predictions, there has been interest in whether BCRAT can be improved by including information on other risk factors. For example, the inclusion of information on mammographic density, a heritable risk factor for breast cancer, resulted in a modest improvement in the discriminatory accuracy of BCRAT [4, 5] .
More recently, attention has turned to whether BCRAT is improved by including information on common single nucleotide polymorphisms (SNPs) that have been found to be associated with risk of breast cancer. Previous modelling and empirical research has reported a modest improvement in the discriminatory accuracy of BCRAT, as measured by the area under the receiver operating characteristic curve (AUC) [6] [7] [8] , as well as improvement in the classification of women into high-risk groups [7, 9, 10] .
It is not known whether combining SNP data with BCRAT affects the performance of the risk predictions for all women. Previous research has been limited to women aged 50 years and older [7, 8] , or has been limited in the scope of its analyses to assessment of changes in the AUC [10] . In this study, we investigate the effect of combining data from seven established breast cancer SNPs to the risk predictions from BCRAT for Australian women aged 35-59 years, in terms of calibration, discriminatory accuracy and risk group reclassification.
Methods

Australian Breast Cancer Family Registry
We studied cases and controls recruited to the Australian Breast Cancer Family Registry (ABCFR), which includes a population-based case-control-family study that has been described in detail previously [11] [12] [13] [14] . Briefly, between 1992 and 1998, the ABCFR used the state populationbased cancer registries in New South Wales and Victoria to recruit women who had incident diagnoses of histologically-confirmed first primary invasive breast cancer. Recruitment was limited to women living in metropolitan Sydney or Melbourne, and included all women aged less than 40 years at diagnosis and a random sample of women aged 40-59 years at diagnosis. Controls were randomly selected from the electoral roll (for which registration is compulsory for all adult Australian citizens) and were from the same geographic regions and had the same age distribution as the cases.
A total of 1,578 cases and 1,021 controls were recruited to the ABCFR. All participants completed an intervieweradministered risk factor questionnaire and family history questionnaire that asked for details of any cancer diagnosis for themselves and for their first-degree and second-degree relatives. Participants were also asked to provide a small blood sample.
Approval for the study was obtained from the Human Research Ethics Committees of the University of Melbourne and the Cancer Councils of Victoria and New South Wales. All participants provided written informed consent before participation in the study.
SNP selection and genotyping
The seven SNPs used in this study were those included in the study by Mealiffe et al. [7] . These SNPs had been chosen because they had statistically significant associations with breast cancer that had been first identified by genome-wide association studies and independently confirmed by large case-control studies [15] [16] [17] .
All cases and controls who had donated a blood sample were genotyped for the seven SNPs with the TaqMan assay (Applied Biosystems) using a 384 well format on a LightCycler480, and data were interpreted using LightCycler480 1.5.0 software (Roche Diagnostics, Castle Hill, Australia). Quality control was conducted as described in Easton et al. [15] , and included a 2 % replicate sample genotyping with [98 % concordance and Sanger sequence confirmation of representative samples of each genotype.
Calculation of risk scores
We used BCRAT [2, 3] to estimate the 5-year absolute risk of invasive breast cancer for all cases aged 35 years or older at diagnosis and for all controls aged 35 years or older at interview. The BCRAT risk score was based on age, ethnicity, age at menarche, age at birth of first child and number of first-degree relatives with breast cancer. No information on the number of biopsies or presence of atypical hyperplasia was available, and these variables were therefore coded as unknown for all participants. We obtained the BCRAT C# source code from http://www. cancer.gov/bcrisktool/ and extended it to facilitate automatic batch processing. 1 Using the approach described in Mealiffe et al. [7] , based on the assumption of independence of additive risks on the log OR scale, we calculated SNP risk score using previously published odds ratios (ORs) and risk-allele frequencies [15] [16] [17] , summarised in Table 1 of Mealiffe et al. [7] . For each SNP, the unscaled population average risk was calcu-
, where p is the allele frequency of the high-risk allele, B, and OR is the previously published OR for the B allele versus the A allele. We then calculated adjusted risk values (with a population average risk equal to 1) as 1/l, OR/l and OR 2 /l for the genotypes AA, AB and BB. The SNP risk score was calculated by multiplying the adjusted risk values for each of the seven SNPs. As in Mealiffe et al. [7] , the combined risk score was calculated by multiplying the SNP risk score and the BCRAT risk score, under the assumption of independence.
Statistical methods
We used logistic regression to estimate ORs and 95 % confidence intervals (CIs) for the associations with breast cancer risk for: the individual variables used in the calculation of the BCRAT score; the individual SNP genotypes; and the logarithms of the BCRAT risk score, SNP risk score and combined risk score. For each of the seven SNPs, we calculated risk-allele frequencies and p-values under Hardy-Weinberg equilibrium for both cases and controls.
The performance of a risk prediction model is measured by its ability to accurately estimate population risk and individual risk. For populations, the calibration of a model is measured by comparing the overall numbers of observed and expected events [1, 18] . For individual risk, the discriminatory accuracy of a model (the balance between sensitivity and specificity) is measured by the AUC [1, 18] , with an AUC of between 0.7 and 0.8 considered to be good discriminatory accuracy [1] .
For the BCRAT risk score, SNP risk score and combined risk score, we used the Hosmer-Lemeshow goodness-of-fit test to assess the calibration by comparing the observed and expected numbers of cases and controls within groups defined by deciles of risk. We used Pearson correlation to test the independence of the BCRAT risk score and the SNP risk score. To assess the discriminatory accuracy, we used receiver operating characteristic curves and calculated the AUC for the BCRAT risk score, the SNP risk score and the combined risk score. We used bootstrap resampling to calculate confidence intervals for the AUC and confidence intervals and p-values for differences in AUC.
As in Mealiffe et al. [7] , we used reclassification tables to quantify differences in classification of the BCRAT risk score and the combined risk score into groups defined as: low (\1.5 %), intermediate (C1.5 and \2.0 %), and high (C2.0 %). Net reclassification improvement (NRI) was calculated as the sum of: the proportion of cases moving to a higher risk category and the proportion of controls moving to a lower risk category minus the proportion of cases moving to a lower risk category and the proportion of controls moving to a higher risk category. To test the hypothesis that NRI = 0, we used an asymptotic Z test.
Statistical analyses were performed overall (using all case-control data), and stratified by age group (35-39 years, 40-49 years and 50-59 years), based on age at diagnosis for cases and age at interview for controls. All statistical tests were two-sided and p-values \0.05 were considered nominally statistically significant. All statistical analyses were conducted using Stata Release 12 [19] .
Results
A total of 962 cases and 463 controls were eligible for inclusion in the present study because they were aged 35 years or older (at diagnosis for cases and at interview for controls), and had genotyping results for at least four of the seven SNPs being studied. For cases and controls, the distributions of the SNP genotypes and the questionnaire variables used in the calculation of the BCRAT risk score are shown in Table 1 . For cases, the mean age at diagnosis was 45.9 years (SD = 7.5), and for controls, the mean age at interview was 44.2 years (SD = 7.4). Table 2 shows, for the high-risk allele of each of the SNPs, the allele frequency and p value for Hardy-Weinberg equilibrium for cases and controls as well as the OR, 95 % CI and pvalue for breast cancer risk, overall and stratified by age group.
After log transformation, the three risk scores were associated with breast cancer overall, and for the subgroups of women aged 35-39 years and 40-49 years (both p \ 0.01; Table 3 ). For women aged 50-59 years, there was an association with breast cancer for the combined risk score (p = 0.03), marginal evidence for an association for the BCRAT risk score (p = 0.06), but no association for the SNP risk score (p = 0.3). There was no correlation between the BCRAT risk score and the SNP risk score overall (R 2 = -0.04, p = 0.1; Fig. 1 ), or for the subgroups of women aged 35-39 years (R 2 = -0.02, p = 0.1), aged 40-49 years (R 2 = -0.01, p = 0.8) or aged 50-59 years (R 2 = -0.02, p = 0.7). Table 3 shows that there was no evidence of poor calibration for the BCRAT risk score and the SNP risk score, overall and when stratified by age group (all p [ 0.1). For the combined risk score, there was marginal evidence of poor calibration for the subgroup aged 40-49 years (p = 0.06), but not overall or for the other age groups (all p [ 0.5). Figure 2 shows the overall Hosmer-Lemeshow calibration plot of the proportions of observed and expected cases in groups defined by deciles. For all women, the ROC curves for the BCRAT risk score, the SNP risk score and the combined risk score are shown in Fig. 3 , and the corresponding AUCs and 95 % CIs are shown in Table 4 . The AUC of the combined risk score was greater than that of the BCRAT risk score (p \ 0.001). There was marginal evidence for a difference between the AUC for the combined risk score and the SNP risk score (p = 0.06), but no difference between the AUC for the BCRAT risk score and the SNP risk score (p = 1.0). Figure 4 shows the ROC curves for the BCRAT risk score, the SNP risk score and the combined risk score for each of the subgroups of age at interview; the corresponding AUCs and 95 % CIs are shown in Table 4 . For the subgroup of women aged 35-39 years, the AUC for the combined risk score was greater than that of the BCRAT risk score (p = 0.01). There was no difference in the AUCs for the combined risk score and the BCRAT risk score for women aged 40-49 years (p = 0.2) or for women aged 50-59 years (p = 0.3).
There were differences in the AUCs for the SNP risk score and combined risk score for women aged 35-39 years (p = 0.03) and for women aged 40-49 years (p = 0.04), but not for women aged 50-59 years (p = 0.2). There were no differences in the AUCs for the SNP risk score and the BCRAT risk score for any of the ER-, 306 PR?, 143 PR-). For the combined risk score, we found marginal evidence that the AUC for the ER? subgroup (0.61, 95 % CI 0.57-0.65) was higher than that of the ER-subgroup (0.55, 95 % CI 0.49-0.59; p = 0.07). For the BCRAT risk score and the SNP risk score, there were no differences in AUC by ER status (data not shown, both p [ 0.1). For PR status, there were no differences in the AUC for any of the three risk scores (data not shown, all p [ 0.2).
The BCRAT risk score and the combined risk score were both classified using categories defined as low risk (\1.5 %), intermediate risk (C1.5 and \2.0 %) and high risk (C2.0 %), and are shown in Table 5 . Using classifications based on the combined risk score, 103 (10.7 %) cases and 28 (6.0 %) controls were reclassified to a higher risk category, and 32 (3.3 %) cases and 7 (1.5 %) controls were reclassified to a lower risk category, than they had been based on classifications of the BCRAT risk score; the NRI, was 0.028 (p = 0.5). Of women originally classified as intermediate risk on the BCRAT risk score, the NRI was 0.033 (p = 0.5); 20 (28.6 %) cases and 5 (23.8 %) controls were reclassified into a higher risk category, while 21 (30.0 %) cases and 6 (28.6 %) controls were reclassified into a lower risk category using the combined risk score. For women aged 35-39 years, 97.3 % of cases and 100 % of controls were classified as low risk using both the combined risk score and the BCRAT risk score; 2.4 % of cases were reclassified into a higher risk category using the combined risk score compared with the BCRAT risk score (NRI = 0.021, p = 0.4). For women aged 40-49 years, 82.9 % of cases and 92.1 % of controls were classified as low risk using both the combined risk score and the BCRAT risk score; 10.9 % of cases and 4.0 % of controls were reclassified into a higher risk category using the combined risk score compared with the BCRAT risk score (NRI = 0.074, p = 0.4). For women aged 50-59 years, 72.6 % of cases and 80.8 % of controls had the same classification using the BCRAT and combined risk scores; 19.5 % of cases and 16.9 % of controls were reclassified into a higher risk category, and 7.8 % of cases and 2.3 % of controls were reclassified into a lower risk category using the combined risk score compared with the BCRAT risk score (NRI = -0.029, p = 0.5).
Discussion
We found that the log-transformed BCRAT risk score, SNP risk score and combined risk score were all associated with an increased risk of breast cancer, overall and when stratified by age group, except for the SNP risk score for women aged 50-59 years. The latter result is likely to be due to chance given that these SNPs have been shown to be associated with breast cancer by large case-control studies. For women aged 50-59 years, our estimated ORs were all within the CIs reported by Mealiffe et al. [7] , but were higher for the BCRAT risk score, lower for the SNP risk score and similar for the combined risk score. The calculation of the combined risk score is based on the assumption that the BCRAT risk score and the SNP risk score are independent. We found no evidence of a correlation between the BCRAT risk score and the SNP risk score, overall or when stratified by age group.
The risk scores were all well calibrated, overall and when stratified by age group, with the possible exception of the combined risk score for women aged 40-49 years (p = 0.06). For women aged 50-59 years, our results differed from those of Mealiffe et al. [7] who found that, while the SNP risk score was well calibrated, both the BCRAT risk score and the combined risk score were not.
We showed that, overall, the combined risk score provided a modest but statistically significant improvement in discriminatory accuracy over the BCRAT model, with an increase in the AUC from 0.58 to 0.61 (p \ 0.001). When stratified by age group, we found an improvement in discriminatory accuracy only for women aged 35-39 years, for whom the AUC increased from 0.61 to 0.65 (p = 0.003). Mealiffe et al. [7] found an increase in the AUC from 0.56 to 0.59 using the combined risk score compared with the BCRAT risk score (p \ 0.001). In our study, for women aged 50-59 years, we found a similar AUC for the BCRAT risk score (0.55), but did not see an increase in the AUC using the combined risk score (0.56, p = 0.4). Another study of women aged 50 years or more by Wacholder et al. [8] used data from 10 SNPs and reported that the AUC increased from 0.58 for the BCRAT risk score to 0.62 for the combined risk score (p \ 0.001). Using published data on relative risks and allele frequencies for seven SNPs, Gail [6] calculated that, for women aged over 50 years, combining SNP data with BCRAT risk scores would result in a modest improvement in the model's discriminatory accuracy (increasing the AUC from 0.61 to 0.63).
Additional insight into the performance of risk prediction models can be obtained by looking at changes in classification of women into risk groups based on clinically important risk thresholds. We found little change in the classification of women aged 35-39 years and 40-49 years because the vast majority had a very low absolute risk of breast cancer that remained low using the combined risk score. For women aged 50-59 years, the group for which no improvement in discriminatory accuracy was seen, using the combined risk score resulted in changes to the risk group classifications (low, intermediate and high) for 27 % of cases and 19 % of controls. Using the same risk group thresholds, Mealiffe et al. [7] reported that 26 % of cases and 14 % of controls were reclassified into a higher risk group, and 14 % of cases and 26 % of controls were reclassified into a lower risk group using the combined risk score.
In the study by Wacholder et al. [8] , the inclusion of data for 10 SNPs to BCRAT risk scores resulted in 20 % of affected women being reclassified into lower and 33 % being reclassified into higher risk groups defined by quintiles. Another study by Comen et al. [10] of reclassification improvement from combining SNP data with BCRAT risk predictions using unaffected women aged 25-85 years reported 20 % being reclassified into lower, and 20 % into higher, risk groups defined by quintiles. Further calculations by Gail [9] showed that using a 5-year breast cancer risk threshold of 2.0 %, combining SNP data with BCRAT would result in 4.1 % of unaffected women, otherwise classified as low-risk being reclassified as high-risk, and 3.7 % of unaffected women otherwise classified as highrisk being reclassified as low-risk.
In our study, two components of the BCRAT risk score, number of breast biopsies and atypical hyperplasia, were not available. While, this may have resulted in underestimated AUCs for BCRAT and the combined risk score, our conclusions on the usefulness of combining SNP data with BRCAT assume that the associations between the SNP data and breast cancer risk are independent of the associations between BCRAT risk factors and breast cancer risk.
In summary, including information on seven SNPs associated with breast cancer risk improves the discriminatory accuracy of BCRAT for women aged 35-39 years and 40-49 years. Given, the low absolute risks for women in these age groups, only a small proportion are reclassified into a higher category for predicted 5-year risk of breast cancer. The results of this study may aid decisions on the clinical usefulness of combining SNP data with BCRAT, decisions that will also depend on local circumstances and resources. 
